Quantum photonics technologies require a scalable approach for integration of non-classical light sources with photonic resonators to achieve strong light confinement and enhancement of quantum light emission. Point defects from hexagonal Boron Nitride (hBN) are amongst the front runners for single photon sources due to their ultra bright emission, however, coupling of hBN defects to photonic crystal cavities has so far remained elusive. Here we demonstrate on-chip integration of hBN quantum emitters with photonic crystal cavities
from silicon nitride (Si3N4) and achieve experimentally measured Q-factor of 3,300 for hBN/Si3N4 hybrid cavities. We observed 9-fold photoluminescence enhancement of a hBN single photon emission at room temperature. Our work paves the way towards hybrid integrated quantum photonics with hBN, and outlines an excellent path for further development of cavity quantum electrodynamic experiments and on-chip integration of 2D materials.
Quantum information processing applications require integration of non-classical photon sources with optical cavities and resonators to achieve efficient interfaces between flying qubits and quantum memories as well as for quantum repeater applications. [1] [2] [3] [4] [5] [6] Several solid-state systems have been explored to achieve this goal, including III-V quantum dots, color centres in diamond and single molecules. [7] [8] [9] [10] [11] [12] [13] [14] [15] Often, there is a trade-off between the optical properties of the selected source in terms of brightness, stability, or tunability and the selection of the cavity material in terms of ease of fabrication and the ability to achieve strong light confinement. The ultimate goal is to engineer a system in which a bright solid-state emitter can be coupled to a scalable on-chip optical resonator and a waveguide, to realise enhanced emission via the Purcell effect. [16] [17] [18] [19] [20] [21] Such a system will then become a key building block for cavity quantum electrodynamics experiments and integrated quantum photonic circuitry.
Particularly promising sources are quantum emitters in few-layer hexagonal boron nitride (hBN). [22] [23] [24] [25] [26] [27] [28] [29] [30] Due to both high quantum efficiencies and low Debye-Waller factors, they are amongst the brightest solid-state emitters studied so far. 31 Furthermore, the chemical and thermal robustness of hBN as a host material provides an ideal platform free from any severe degradation over long time periods. 32, 33 A step forward in the realization of practical devices with quantum emitters in hBN, is to couple them to photonic crystal cavities (PCCs), which alter the local photonic density of states leading to a decreased linewidth and an increase in their emission rates, known as Purcell enhancement. However, to date, integrating hBN quantum emitters with on-chip photonic cavities has been a challenging task, 34, 35 mostly due to a broad and random distribution of their emission wavelengths in the visible range, which has made coupling of the emitters to PCCs inherently impractical.
Here, we report the on-chip integration of hBN quantum emitters with one-dimensional photonic crystal nanobeam cavities fabricated from silicon nitride (Si3N4). Specifically, we take advantage of the recently established method to grow thin hBN layers with a unimodal distribution of quantum emission at (580 ± 10) nm and spatial densities as high as 2 µm -2 . 36 Silicon nitride is used in this study not only because it is available on a large scale at a reasonable cost, but also because the refractive index contrast between Si3N4 (n=2.0) and hBN (n=2.1) is negligible. The established fabrication protocols enable us to benefit from high Q-factor (Q) photonic cavities which corresponds to 3,300. We were able to achieve coupling of several quantum emitters to PCCs with a photoluminescence (PL) enhancement up to 9 times. Our results outline a promising route towards scalable on-chip hybrid photonic networks that harness the properties of quantum emitters in hBN as quantum light sources and Si3N4 as a technologically-mature material platform.
Results/Discussion
Here, it is important to emphasize the non-trivial methodology we employed to create the hybrid quantum photonic devices. Traditionally, in the hybrid photonic approach, 37 the photonic components are fabricated first, and the target material which requires enhanced light interaction is then transferred either using a pick-and-place method (e.g. for nanodiamonds) 38 , or using a wet transfer method (e.g. for 2D materials) [39] [40] [41] [42] [43] . Such a sequence often results in breaking of freestanding resonators 40 or degrading of their functionality due to contamination or imperfect spatial alignment. In our approach, we reverse the sequence, and first transfer the hBN onto the Si3N4, before fabricating the final devices, thus eliminating the above mentioned technical difficulties.
A step-by-step scheme of the device fabrication is depicted in Figure 1a developed. In the current work, we chose to work with 1D PCCs as they provide small mode volumes combined with high-Q resonances. Finally, (VI) the resist was then directly employed as a hard mask to transfer the pattern into the underlying hBN/Si3N4 film by reactive ion etching (RIE) in SF6. After RIE, the resist was stripped in warm acetone and the device structures were released from the underlying silicon using a KOH wet etch. These fabrication steps are in principle CMOS compatible and with recent reports of direct growth of hBN on Si3N4, 44 may lead to a transfer-free device fabrication process in the future.
An optical microscope image of the fabricated sample is shown in Figure 1b An image of a final device comprised of a hBN film integrated with a 1D PCC is shown in Figure 2a . Note that no 2D material is draping over the device as the hBN film is integrated within this architecture. The employed design is a 1D photonic crystal nanobeam with width (w) of 300 nm, thickness (h) of 180 nm, periodicity (a) of 230 nm, and airhole radius (r) of 80 nm. 45 A photonic cavity is introduced by linearly tapering 10 airholes both in radius and periodicity, for which the center of the cavity has a periodicity of 0.85a and airhole radius of 0.75r, respectively.
The photonic device is analysed based on the finite-difference time-domain (FDTD) method using a commercial photonic simulation tool (Lumerical Inc.). We assume a 5 nm-thick hBN layer (nhBN=2.1) on top of 180 nm Si3N4 (nSiN=2.0). The electric field intensity profile in x-y plane and
x-z plane are depicted in Figure 2b and 2c, respectively. Here the intensity profile in Figure 2b is extracted from the center of the hBN film. The theoretical Q-factor and mode volume Vm (Vm=∫εE 2 dV/max(εE 2 )) at a resonant wavelength of 590 nm correspond to 16,000 and ~ 1.5 (n/λ) 3 , respectively. The spontaneous emission rate enhancement of an emitter in the hBN film is given by the Purcell factor F, defined in Equation (1). In parts the enhancement is determined by the Q-factor and mode volume (Vm), characteristic values of the cavity. Whilst the field intensity (E 2 (r)) at the emitter location (r) and the angular mismatch (ξ) between emission dipole and cavity polarization depend on the position and orientation of the emitter.
In addition to the advantage of the CVD-grown hBN that alleviates issues of spectral matching, we also achieve a considerably high maximum field intensity at the emitter location, approaching 40 %, as shown in the top view of Figure 2b . Because of the direct integration method the optical mode is confined within the hBN film. This is advantageous compared to previous works that employed the evanescent field of the mode to couple to emitters.
To directly demonstrate the influence of the hBN film on device functionality we compared adjacent regions comprised of bare (blue outline) and hBN-covered (red outline) cavities as shown in Figure 2d , respectively. Device characterization was done in a lab-built confocal microscope setup with a 500 µW, 532 nm excitation source, exciting and collecting PL through a 0.9 NA objective. The setup is described in the Methods section and schematically depicted in Supplementary Information 3. Representative cavity modes are in the range from 580 nm to 605 nm, which are displayed to the right side of the respective areas. All measured Q-factors (Q=λ/Δλ) from this region are plotted in Figure 2e , which illustrates that the performance of cavities that were covered with hBN (2,700 ± 530) is on par with plain cavities of (2,730 ± 430). The almost identical device performance emphasizes the advantage of the developed fabrication protocol that was used in this study. We observed quantum emitters at the center of PCCs, whose ZPL partially or highly overlapped with a resonant mode. Characterization of emitter-cavity systems was done at room temperature under 532 nm laser excitation (cw, 75 µW). Figure 3a and coupling. Q-factors of both cavities (insets) were determined by a Lorentzian fit, which correspond to 1,700 and 2,400, respectively. To confirm their single photon nature, we spectrally filtered the collection signal by band pass filters (578 -598 nm, and 583 -603 nm, respectively) and measured the second-order correlation functions, g (2) (τ). Experimental data is fitted (without background correction) to a double exponential function as shown in red, and we obtained g (2) (0) values of 0.3 and 0.1 for the two emitters.
To estimate the PL enhancement at the cavity resonance, we further fitted the respective ZPL and cavity mode as a sum of Lorentzian functions (purple), shown in (IV). For Cavity 1, we considered a sum of three Lorentzians corresponding to the main ZPL (red), the broader red tail of the ZPL at lower energies (yellow), and the cavity mode (blue). We note here that the role of the 2 nd Lorentzian is still not fully understood and current point of debate in the literature, assuming it to be a 2 nd ZPL or an acoustic phonon sideband. 46 In the case of Cavity 2, a sum of two Lorentzians was used for the fit, assuming that the main portion of the coupled system is a Lorentzian centered at 593 nm (blue) and a partially uncoupled component (red) centered at 592.5 nm. To evaluate the PL enhancement due to the Purcell effect, we compare the relative intensities of the cavity mode extracted from the fits in Figure 3 (IV) relative to the uncoupled emission. In particular, we calculate the enhancement factor as the total emission at the cavity resonance (purple) over the total emission minus the cavity related emission (blue). Thus, Cavity 1 exhibits a PL enhancement of 1.5, and Cavity 2 is estimated to have 9 times PL enhancement. This PL enhancement is the highest achieved value for hBN quantum emitters to date. It can be further increased by improving the field overlap with the resonant mode, e.g. by increasing the angular match between the emitter dipole orientation and the cavity polarization or increasing the spatial match between the emitter Nonetheless, occasional spectral jumps of the emissions enabled us to directly observe coupling between quantum emitters and cavity modes. For hBN quantum emitters, spectral diffusion over a range of several nanometers is common due to fluctuations in local electric fields caused by charge (de)trapping at surrounding defects. 47 Figure 4 shows an example of a spectrally jumping quantum emitter and a fixed cavity resonance. Time series of normalized PL spectra to the maximum intensity of the cavity mode are plotted in Figure 4a to clearly show the shift of the emitter (blue arrow). The ZPL of a quantum emitter was initially identified at 598 nm, close to a cavity mode at 593 nm. Whilst it was only partially overlapping at first, we observe that during the course of the PL measurement, a 1 st shift of the ZPL occurred, which resulted in an overlap of the ZPL and the main cavity mode. Consequently, a 2 nd shift of the ZPL detuned the emitter from the cavity mode to 584 nm, followed by photobleaching, whilst the cavity mode was still observable. To determine the PL enhancement, the same spectra are displayed without normalization in Figure 4b , showing that the intensity at the ZPL increased from 1.9 to 9.3 after the 1 st shift, and decreased to 1.5 after the 2 nd shift, thus we estimate the PL enhancement within the range of 5 -6. At the same time Lorentzian fits in Figure 4c show that for spectra 1 and 3 the main portion of the ZPL (red) can be clearly distinguished from the cavity mode (blue), whilst for spectra 2 the main contribution to the ZPL is virtually inextricable from the resonance and only a second phonon related part (yellow) contributes to the spectrum. Therefore, as the emitter location is fixed and the dipole orientation change is negligible, the PL enhancement in the second spectra is due to the maximum spectral matching between the optical mode and the quantum emitter. 
Conclusion
To conclude, we demonstrated a scalable approach for on-chip integration of quantum emitters in hBN with Si3N4. We overcome previous challenges where the ZPL was occurring randomly within the visible spectrum, prohibiting systematic investigations on coupling with dielectric cavity resonances. In particular, we make use of few-layer hBN grown by a recently developed method, which yields a clear unimodal distribution of the ZPL centered at 580 nm. Integration prior to the fabrication process allowed us to achieve large uniform device areas, and to maintain high Qfactors up to about 3,300. By direct comparison with devices from plain Si3N4 we have shown that the functionality of devices integrated with hBN and without hBN are essentially unchanged, underlining the advantage of this processing approach. Owing to the high spatial density of emitters, we observed several cases of quantum emitters coupled to the mode resonance, achieving 9-fold emission enhancement.
At this point further experimental work was limited by bleaching of the quantum emitters.
Therefore, while our work lays solid foundation towards the realisation of integrated quantum photonics with hBN, efforts must be concentrated to the improvement of the stability of hBN quantum emitters. This could potentially be achieved at the same time by encapsulating and protecting the hBN layer with a top Si3N4 film. Such an approach would make large scale nanophotonic chip fabrication feasible. Ultimately, the devised approach outlines the path forward to more sophisticated experiments using such hybrid systems based on hBN quantum emitters for integrated quantum networks with potential applications for quantum memories and applications as quantum repeaters. 
Methods

Device fabrication
PL characterization
Optical characterization was done in a lab-built confocal setup, which is schematically depicted in the Supplementary Information 3. For characterization of cavities and identification of quantum emitters a 532 nm laser (GemStone) is collimated, attenuated, and guided by several dielectric mirrors and a dichroic mirror (Semrock Di03-R532-t1) to a scanning mirror, which reflects the laser to a 4f system (2 achromatic doublets, f= 150 mm) into a 0.9 NA objective focusing onto the sample forming a diffraction limited excitation spot. Luminescence is collected by the same objective, guided back and transmitted through the dichroic mirror. A longpass filter (Thorlabs 550 FEL) filtered any residual laser leakage before coupling the PL either to a fiber connected to a spectrometer (Princeton Instruments) or a fiber based Hanburry-Brown and Twiss (HBT) setup connected to 2 APDs (Excelitas). For characterization mentioned in Figure 2 , the laser power was attenuated to 500 µW before the objective. For identification of quantum emitter the power was attenuated to ~ 75 µW. For spectral characterisation, PL of quantum emitters were dispersed via a 300 l/mm grating and collected for 20 s (if not mentioned otherwise), whilst for characterization of photonic crystal cavities the grating was set to 1200 l/mm and collected for 40 s. Time correlation experiments were done leading the APD signal to a PicoHarp 300 Picoquant and measurements were not corrected for background.
